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We have investigated the ability o! double-stranded RNA |dsRNA) to inhibit gene expression in a vertebrate, the zebrafish, 
Dnnio reiia. Injection ol dsRNA corresponding to the T-bos gene tbxl&bpadetail (spt) into early wild-type embryos caused 
a rapid and dramatic loss of tbxUfspt rnRNA in the blastuto. mRNAs from the pope tbx6, and gatal genes, which depend 
on tbxl6Jspt function for their expression, were reduced, apparently mimicking the spr mutant phenotype. However, 
mRNAs from a number of genes that Me unaffected by the spi mutation, such as 0 catenia, start, and no tail, were also lost, 
indicating that the -interference" effect of tbxUfspt dsRNA was not restricted to the endogenous tbxl6fspt mRNA. We 
compared the effects of injecting dsRNA from the zebrafish tbxi6\spadciail, aieawkoidfbozozok, and Brachywyfrro tail 
genes with dsRNA from the bacterial fncZ gene. In each case the embryos displayed a -variable syndrome of abnormalities 
at 12 and 24 fa postiertilization. In blind srudies, we could not distinguish between the effects of the various dsRNAs. 
Consistent with a common effect of dsRNA, regardless of sequence, injection of dsRNA from the iocZ gene was likewise 
effective in strongly reducing roxM/sptand p calenin mRNA in the M astute. Thesefindings indicate that, despite published 
reports, the current methodology of double-stranded RNA ioterietence is not a practical technique for investigating zygotic 
gene function during early zebrafish development, o jooo Aolrafc rm> 
Key Words: spadelaU; tbx!6; no tail; aieuwkoid; dsRNA; RNAi; zebrafish; embryogenesis. 



INTRODUCTION 

The zebrafish has provided cinhryologists and develop- 
mental geneticists with an attractive system for studying 
the growth and organization of vertebrates, largely due to 
the accessibility of the embryo and the ability to isolate 
developmental mutations that disrupt various processes. 
Overexpression of mRNA encoding wild-type, activated, 
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knowledge of the biochemical properties of the gene prod- 
uct. One limitation of the zebrafish system, therefore, is the 
inability to disrupt the function of a gene based on sequence 
alone, as is possible in mice through homologous recombi- 
nation in embryonic : 



rho@molbio.princctoD.edu. 



One candidate technology is the use of double-stranded / 
RNA jdsRNA) to silence gene expression. First noted in | 
Coenothabditis elcgaas. this dsRNA "interference" |RNAi| I 
relies on dsRNA homologous to a target gene as a specific 1 

sion. The biochemical mechanism of RNAi is still unclear, 

fetence in vitro tTuschl et ol & 1999) and the identification 
ol RNAi suppressor mutations in C. ehgans and Neuio- 
spota ciassn that likely encode RNA exonuclcase and 
RNA-dcpeudcnt RNA polymerase proteins (Cogoni and 
Macino, 1999; Retting et al. 1999; Sitrardon et ol, ZOOOj. 



doubic-stranded RNA corresp 
licular mRNA into the pare 
embryo. Subsequently, the c: 
gene is perturbed; stcady-sti 
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encoded protein. As a result the animal expresses a core 
pleie or partial phenocopy of a null mutation of the gene i: 
question. Introduction of sense or antisense RNA of equiv: 
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al, 1998), whereas double-stranded intronic RNA appears 
to have reduced activity relative to double-stranded exonic 
RNA ol the same length IBosher U al. 1999). 

Reports of the success of RNAi in nematodes (Kre et al, 
1998 ; Guo and Kemphues, 1995; Montgomery et al. 1998), 
fruit flies (Kennerdell and Carthew, 1998), plansiiaris 
ISanchez Alvarado and Ncwmark, 1999), hydra (Lohmann 
st al, 1999), trypanosomes (Ngo et al. 1998), and plants 
IVoinnct et al, 1998; Waterhouse et al. 1998) have provided 



also susceptible to these effects. Recently, claims of suc- 
cessful RNAi in the zebrafish (Li tt al.. 2000; Wargelius et 
al. 1999) and mouse [Wianny and Zemicka-Coetz, 2000) 
have been published. 

In the present study, we sought to phenocopy the effects 
of the spadetail (spt) mutation of the zebrafish using 
dsRNA corresponding to the spt gene (Griffin et al. 1998) 
first described as (bxl6 (Ruvinsky et al. 1998), a member of 
the T-box family of transcription factors. The spt mutation 
was chosen because it acts early in development and is 
phenotypically and genetically well characterized IGrilfirt 
et al., 1998; Ho and Kane, 1990; Kimmel et al. 1989), 
enabling a detailed comparison with the effects of dsRNA 
We show here that dsRNA injected into early zebrafish 
embryos causes a nonspecific depletion of several endoge- 
nous mRNAs, leading to an easily misinterpreted syndrome 
of developmental defects. Thus, at present, RNAi appears 
unsuitcd to application in the zebrafish embryo for the 
study of zygotic gene activity during development. 



MATERIALS AND METHODS 
Synthesis of Single-stranded (ss) and dsRNA 

In 3)1 cases both ss anil dsRNA for microinjection were generated 
from DNA templates amplified by PCR from limited regions of the 
cDNA of the sene in question. One Ol both of the primers in each 
primer pair contained a T7 promoter site fTAATACGACTCAC- 
TATAGGGACCI at the 5' end, enabling transcription directly 
from the PCR product, after the methods of Kennerdell and 
Carthew (19981. Pioducts of the appropriate size were 8 el purified 

(CencClean BiolOll and the Ambion mMessi E e mMachinc and 
Mcgascript kits (Austin, TX] were used to synthesize capped and 
uncapped tbxWspt RNA, respectively; other 
were uncapped. Following removal of DNA re 



-80*C ur 



turing agarose jel electrophoresis before and after digestion with 
0.5 ug/ml RNase A. RNA was diluted tu the required concentration 
with rhodamiucconiugalcd dextran |Molecular Pral*s, Eugene, 
OR) in 0.2 M KCl immediately prior to injection^ ^ ^ 

portion of the ibxlilspl gene which excludes the highly conserved 
T-box was chosen for dsRNA production. We used an 834-bp region 
downstream of the T-box, cotresponding to nucleotides 818-1652 



of the tbxMspt cDNA (cDNA kindly provided by llya Ruvinsky, 
Princeton University). The lacZ cDNA was amplified between 
nucleotides 271 and 940 of the coding region to generate a 6o9-bp 
template The aieuwkoid/boxozok RNA was 334 residues in length 
and transcribed from cDNA (kindly provided by David Xoos; 
Princeton University) amplified between nucleotides 4 and 338 of 
the coding region to avoid the homeobox (Xoos and Ho, 1998). 
Biachywy/no tail RNA was amplified between nucleotides 1764- 
and 2085 (321 bp), avoiding the T-box as described (Li et al. 2000). 
The sequences of the primers used are tbzUkpt 5' GAGATCTC- 
CAGCCGTCATCG, fbxleVspt 3' GTTAGTGCGTCCTCTCA- 
CAG; JocZ S' GGCAGATGCACGGTTACGATG, hcZ 3* CCAC- 
CGCACGATAGAGATTCG, nwk/boz 5' CCAACTCAACAA- 
CTTTTCAAA, awk/boz 3' CCCTGAGCGATTGTGTGGTA; 
Bra/ntl S' TrcCAACAACTTGAGGCTCA, Bra/ad 3' CGCT- 
CACTTTTCAAAGCGTAT. 

Microinjection into Zebrafish 

For the majority of experiments described here, RNA was 
introduced into one cell of zebrafish embryos at the two-cell stage 
by pressure injection under an Zeiss Axioskop compound rrucn>- 
scopc (Carl Zeiss, NY); in the remainder, the RNA was injected 
into one cell at the one- or four-cell stages. In order to control the 
injection volume, rhodamine-conjugated dextran (Molecular 
- • • -■■ •- — -»-- " v " -• — -o that the 



c the RNA preparation 



was delivered in quantities ranging (ron 
At 100 pg dsRNA per embryo, survival 
at 40 pg, despite developmental abnorm 



to 100 pg per embryo, 
jmpromised, whereas 

'^iOpgRNAwas 



l£>xl6/spt. nwUboz. Bm/ntl milacZ RNA. No qualitative differ 
ence in phcootype was observed berwecn dsRNA formed by co- 
transcription (rom a single template and dsRNA formed by subse- 



ssRNA. To study the effects of 
the previously published Bra/ntl ds 
hands, nil RN As were injected at 5 fg |approx 10' molecules) an 
f% per embryo. 



Whole-Mount in Situ Hybridization 



cDNA, corresponding lo the T-box encodinj region, with tht 
primers ibxIoApt probe 5'. ATGCAGGCTATCAGAGACC, anc 
tbxK/spt probe 3'. TAATACCACrCACTATACGCAGGGGCT- 
TCCATCTCTACACTCT, which contains the T7 promoter se- 
quence at the 5' end. Probes to detect the gotol. tbx6. pope, ml. 



described IDetrich ft -L, 1995; Hug et 
Oates et al. 1999b; Schulte-Merkcr et 
19981. Alia hybridization, embryos were mounted in glycerol ant 
photographed on Kodak Royal Cold 100 film (Kodak, NY) usini 
either an Olympus SZ-60 (Olympus America, NY) dissecting or : 

print and assembled in Adobe PhotoShop. 

Detection of Cell Death 

Cell death was detc 
(Sigma A6014| into the 



as described (Fwuutani-Seiki e 
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al., 1996) using the HTC fBter set on a Zeiss Axioskop (Carl Zeiss) 
compound microscope. 



RESULTS 

Previous successful dsRNA experiments in C. elegans 
and DiosophUa melanogastei utilized short stretches of 
exonic sequence- Likewise, we generated three RNA prepa- 
rations corresponding to the coiling sequence for the diver- 
gent C-termixius of the Tbxl6/Spt protein: single-stranded 
sense and antisense RNA and an annealed dsRNA. The 
structure of the RNA and its relation to lbxl6lspt mRNA 
are diagrammed in Fig. la. The presence of single- or 
double-stranded RNA was confirmed by RNase A digestion 
and gel electrophoresis (data not shown|. These synthetic 
RNAs were introduced into one cell of the one- to four-cell 
blastula using standard microinjection techniques and the 
embryos grown for assay. We looked for the earliest effects 
of the injection by measuring the levels of the target 
tbxl6kpt mRNA when it first appears in the embryo 
iRuvinsky et al. 19S8J. Endogenous tbxWspt mRNA was 
absent from large sector-like areas of the blastula after 
midblastula transition (1000 cells) following dsRNA injec- 
tion (Fig. lb). This contrasts with widespread loss of tbx!6l 
spt mRNA in spr mutant embryos at the same stage (Fig. lc ; 
Griffin et al. 1998) and suggests that the diffusion of 
dsRNA may be constrained within the early:cleavagersurge 
embryo. The injection of either single-stranded lbxl6/spl 
RNA preparation bad no effect on endogenous tbxl6/spt 
levels (Fig. Id), and the prestnee of a 5' cap analog did not 
alter the response of the embryo to tbxloVspt dsRNA or 
ssRNA (data not shown). The effect of tbxWspt dsRNA 
was dose dependent, with effective depletion of ibxl6/spt 
mRNA resulting from injection of as little as 0.4 pg dsRNA 
and the majority of injected individuals displaying an effect 
with 40 pg dsRNA (Fig. le|. The cells of the blastula show 
no increase in cell death upon injection with tbxl6/spt 
dsRNA as measured by increased uptake of acridine orange 
(data not shown). Since the injection of 40 pg dsRNA did 
not affect survival at 24 hpf, and yields a molarity within 
the range described by Kennerdell and Cartbcw (1998) as 
similarly effective in Dzosopbila. we chose this quantity to 
investigate further the effects of the treatment. 

The most obvious consequence of the known mutant spt 
alleles is that cells normally fated to become paraxial 
mesoderm apd contribute to the trunk somites fail to 
migrate correctly during gastrulation instead being taken 
up into (he tailbud.and.incorporated in a prominent mass in 
the tail tip (Kimmel et al.. 1989). Examination of the 
morphology of embryos injected with tbxI6/spr dsRNA 
revealed an apparent mosaic phenocopy of spt. At early 
segmentation stages, there was a unilateral loss of anterior 
somites in otherwise normal animals (Fig. HL consistent 
with unequal segregation of RNA between cleavage stage 
blastomeres. Observation of segmental boundaries in em- 
bryos at 26 hpf revealed a loss and/or reduction in anterior 
somite number and size as well as twisted, foreshortened 



tails [data not shown). We did not observe the characteristic 1 

"spadetaiT of spt mutants in lbxl6jspt dsRNA-injected | 
embryos. However, we reasoned that this structure is the 

result of the roisrouting of all trunk somites into the tail j 

several somites as might be observed in this case. Further- 
more, the tbxl6/spt dsRNA-injected embryos were defec- 
tive in the production of primitive erythrocytes, as is the; 
spt mutant (Thompson, et al.. 1996), determined by assaying 
for the expression of the red blood cell marker gatal |Fig. 

In order to correlate the spatial extent of the defects 
caused by depiction of tbxleVspt message in sector-like 
regions of the blastoderm with the morphological defects 
observed after gastrulation, we compared the molecular 
consequences of dsRNA injection to those of the spi muta- 
tion around the onset of gastrulation (approximately 32,000 
cells). We determined the expression of the paraxial pro- 
tocadfierin Ipapc) and ibx6 gene in shield stage embryos ' 
after tbxlS/spt dsRNA injection, since both these genes j 
depend on a functional tbxl6lspt gene for their expression J 
(Hug et al. 1997; Yamamoto et al, 1998). Both papc and I 
tbx6 were depleted from arcs of the gastrula margin (Fig 1 
lh). These results suggest that the loss of pope and tbx6 i 
mRNAs occurs with a geometry (arcs at the margin) similar I 
to that of the prior loss of tbxl6/spt mRNA (sectors of the ' 
blastoderm) and are consistent with the placement of their 
expression downstream of the function of the Tbxl6/Spt 
protein. Thus, multiple molecular and morphological as- 
pects of the spt phenotype appear to be reproduced in a . 
mosaic manner by introduction of tbxl6/spt dsRNA into I 
the embryo. ' 

Examination of the embryos after 24 hpf, however, re- , 
vealed a variable range of phenotypic consequences not r 
seen in spt mutants', in addition to the effects described 
above. A proportion of injected embryos displayed cyclopia, 
with a fusion of the eyes across the antcriormost aspect of 
the neural tube (sec Figs. 3g-3i, below). This phenotype is ; 
not seen in known spt alleles, despite strong expression of : . 
tbx!6/spt mRNA in the prechordal plate (Ruvinsky et al, 
1998). Other novel defects include paitia] loss of notochord 
and reduced head structures (see Figs. 3j-3o, belowL One 
explanation for these effects is that the existing spt muta- 
tions may be hypomorphic variants and that complete , 
removal of tbx 1 ilspt mRNA from the embryo by tbxI6/spt 
dsRNA may reveal additional functions. Alternatively, 
ibxl&hpi dsRNA might possess nonspecific activity with . 

We tested the specificity of the effects of ibxl6/spt j 

dsRNA by examining the expression of the T-box family , 

member Brachyurv/no toil IBia/ml) at early gastrula stages, 1 
since in spt mutants, Bra/ntf expression is unaffected in the 

gastrula margin (Fig. 2a). Strikingly, Bra/nil mRNA was \ 

depleted from sectors of the gastrula margin by tbxJ6/spt i 

dsRNA injection (Fig. 2b|. This indicates that the tbxU/spt \ 

dsRNA affected another T-box family member and led us to J 

suspect that it may 3ffect endogenous RNAs teg3rdless of i 
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, , . tbxW/spt 
spt mutant (jsRNA 




tbx16/spt dg RNA fnjeded (pg) 

HG. 2, The effects of tbmhpodzuil dsRNA injections are no: 
restricted to those seen in the spadeuil mutant. Embryos are viewed 
from the aniinal pole, at 40% cpiboly after in situ hybridization with 
ml [a, bi 3M13 (c, dl or 0 catenui riboprobc |c, f). Embryos from spt 
mutant clutches ethibit gene expression patterns identical to those of 
wild type (a, c, el whereas injection with 40 pg tbxJ6/jpt dsRNA 
causes depletion of the message from sector-like regions of the 
blastoderm (b, d, f(. (gj Concentration dependence of the depletion of 
endogenous tbxtilspt, sua. and 0 colenta mRNA at 40% cpiboly on 
the amount of injected tbxlt/spt dsRNA, measured by in situ hybrid- 



ice. We therefore tested mRNA levels li 
id star3 genes, which are structurally ur 
family. Wc observed depletion of (3 cate 



sua3 in tbxlSlspt dsRNA-injectcd embryos in sector-like 
regions of the blastoderm {Figs. 2d and 2ft whereas the spt 
mutation has no effect on the levels of either of these 
mRNAs IFigs. 2c and 2e). Thus the ability of tbxWspt 
dsRNA to deplete mRNA from the blastula is not restricted 
to a single target mRNA. 

To test whether there existed an amount of dsRNA at 
which the effects on the target tbxWspt mRNA were 
specific, we injected tbxWspt dsRNA over a wide concen- 
tration range and measured the mRNA levels at 40% 
cpiboly of the tbxWspt. stat3, and catenin genes. The 
mRNAs of stat3, 0 cnteniji, and tbxWspt were depleted 
with equal efficacy by tbxWspt dsRNA across a concen- 
tration range from 0.004 to 40 pg per embryo (Fig. 3gJ. These 
results suggest that the rbxIoVspt dsRNA preparation 
caused a nonspecific depletion of multiple endogenous 
mRNAs, instead of a specific, targeted event 

We tested the specificity of dsRNA treatments further by 
comparing the effects of tbxWspt dsRNA injection with 
the injection of dsRNA corresponding to the JocZ gene of 
Escherichia coli for which there is no endogenous counter- 
part in zebrafish. The structure of the dsRNA and its 
relation to lacZ mRNA are diagrammed in Fig. 3a. We first 
assessed the effect of IncZ dsRNA species on endogenous 
mRNA. Expression of tbxJcVspf, ntl st«£3, and fi catenin 
mRNA after injection of JacZ dsRNA was depleted in a 
manner indistinguishable from that caused by the tbxl6l 
spt dsRNA (Figs. 3b and 3c). Injection of sense or arrtisensc 
versions of the lacZ RNA at equivalent concentrations bad 
no effect on endogenous mRNA |Figs_ 3d and 3e). This 
suggests that the presence of dsRNA itself causes a deple- 
tion of endogenous mRNA irrespective of the sequence of 
the exogenous double-stranded material. 

introduction of lacZ dsRNA by microinjection at the 
most effective dose for spt dsRNA (40 pg| caused a range of 
pbenotypic consequences after 24 hpf, whereas the single- 
stranded sense or antisense versions of this RNA were 
without consequence. The phenotypc of these JacZ dsRNA- 
iojected embryos was highly reminiscent of that seen with 
tbxWspt dsRNA with defects in both head and tail Df the 
developing embryo (Fig. 3f|. Indeed, in blind control experi- 
ments, we were unable to distinguish the morphological 
effects of lacZ dsRNA injection from the effects of tbxl6/ 
spt (Fig. 3f) or from nieawkoid/bozozok dsRNA (nwft/6oz f 
another early acting zebrafish gene (Koos and Ho, 1999), not 
shown). Defects in the head included cyclopia (Figs. 3g-3i), 
reduced brain structures, and marked asymmetries in the 
eyes (Figs- 3j-3k). Posterior structures were also affected, 
including a failure to forronanterior trunk somites; twisted 
foreshortened tails, and partial loss of notochord (Figs. 
3m-3o). 

Finally, we tested whether a dsRNA corresponding to the 
Bzafntl gene could produce a distinct developmental defect, 
as has been recently suggested (Li tt at. 2000; Wargelius et 
oi.. 1999). We synthesized ss and dsRNA in accordance with 
a recently published description of potent, specific RNAi 
activity from the Bra/ntl gen ' '- ' 



et ol. 2000). Injection of 
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Bra/nil dsRNA at doses o( apptoximately O.OOS pg }S X 10 s 
molecules] per embryo had no pbenotypic consenuenccs, in 
contrast to published data. However, introduction of Bra/ 
nil dsRNA, but not ssRNA, at 40 pg per embryo yielded a 
syndrome of developmental defects, including the failure to 
form anterior trunk somites, cyclopia, foreshortened toils, 
and reduced head structures, which was indistinguishable 
from that seen with injection of lacZ dsRNA (Figs. 3g-3o|. 
In summary, our results indicate that current technologies 
for dsRNA production and introduction into the early 

Of"'* « 1TO by .taJraic P>-=«>. Alt . 



embryo arc not diectrve methods to investigate zygotic 
gene function in the zebrafish. 



DISCUSSION 

We have investigated the ability of dsRNA to cause a 
specific phenocopy of a zygotic mutation in the zebrafish 
and have found no evidence of such activity. Previously, 
dsRNA has been widely and successfully used in inverte- 
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bratcs and plants to inhibit (he expression of a number of 
specific genes [lor recent review, sec Boshcr and Labouesse. 
1000). These reports raised the exciting possibility that 
dsRNA might be a universal mechanism (or specifically 
perturbing gene expression. In light of our results, we stress 
that a technique lor investigating the biological function of 
unknown genes must be sufficiently sensitive to distin- 
guish between tbc functions ol closely related homologous 
genes. It must also be sufficiently reliable to enable robust 
work for most 



t all. Fina 



■mployrr 



it should he suffi- 



ciently straightforward so as tn enable multiple U 
to become proficient and thus to repeat and emend each 
other's results. 

It is clear from our results thai the morphological detects 
caused by the introduction of different dsRNA molecules 
into the zcbrafish cannot be distinguished (torn one an- 
other. It was not possible to determine whether an embryo 
had been injected with dsRNA corresponding to the endog- 
enous tbxlblspt. Bra/nil. or nwk/boz gene, despite the 
dramatic differences in phenotype displayed by animals 
carrying a Inss-of-functton mutaiinn in one of ihcse genes. 
Furthermore, no morphological or molecular distinction 
was found between these treatments and the delivery of 
dsRNA derived from tbc bacterial f<ic2 gene. This overlap 
in effect appears due to a nonspecific depletion of multiple 
mRNA species in the cells of ibe blastula hy the dsRNA. 
The depleted endogenous mRNA could, in principle, be 
either degraded or sequestered from detection by hybridiza- 
tion, hut our experiments do not address the mechanism of 
this loss. We saw no depletion nf endogenous mRNAs after 
infection ol ssRNA. and although ssRNA preparations may 
contain dsRNA at levels that induce RNAi iCuo and 
Kcmphucs, I VS.S!, our titration experiments argue that 
dsRNA was not present in our ssRNA preparations above I 

It is possible that a Kcnc-sps-cific effect might be pro- 
duced, but be masked by the nonspecific elfccts seen at 
dsKNA concentrations sufficient to perturb morphology or 
deplete endogenous mRNAs. Unless some way can be 
found to suppress ih i r r , , (| CC1S „f usRNA while 

ffcationof dsRNA structur, this elf. i wil^bToniule'usc. 
Alternatively, there may be a window of dsRNA conccntra- 
uim in which specific effects predominate. Our results 
suggest <Jtal ibis window would be small and that the 
ptr.poni.in ol specifically affected embryos would likewise 
K- dauntmgly low. Wc suggest that tf the result of ibxJ6/spt 
and JacZ dsRNA wiccrions cannot be distinguished, the 
reliable Jclcmiinjiion of function for genes with unknown 
acirvny would p,»r 3 considerable challenge. 

Wc noie that the ranee of delects observed as a result of 
dsRNA intrction overlapped with chose expected from a spi 

distinguish the syndrome observed (ion) a Immi faUmMW 
.»> endogenous mRNA 



one-quaner, contrasting with the wider distribution of 
single-stranded RNA across the blastoderm seen from stan- 
dard microinjections. It is possible that some mechanism 
actively sequesters the injected dsRNA. The cells in the 
affected sector appeared to have lost some or all mRNA, bu t 
not to have died before the onset of gastrulation- We 
propose that cells in the affected sector are developmentaliy 
unresponsive for the length of time required to overcome 
the dsRNA perturbation; they would not be expected to 
divide, migrate, or differentiate with the correct timing- If a 
sector of these cells is created before gastntlation, the cells 
would be unable to participate actively in the movements 
ol gastrulation and may subsequently be locally dispersed, 
leading to an embryo mosaic for the delayed cells. Impor- 
tantly, the regions ol the embryo that would normally have 
been derived from these cells will be missing or severely 
compromised. Thus any mutation that causes a defect 
during gastrulation could potentially be phenocopied, in 
part, by this treatment if the sector of mRNA-deptived cells 
were to be positioned by chance in the appropriate region of 
the blastula. For example, if the inert sector of cells were 
positioned in the prospective somite field of the late blas- 
tula, these cells would not be competent to differentiate as 
paraxial mesoderm and thus would not contribute to the 
anterior somites on one side of the embryo, apparently 
phenocopying the spr mutation. We note that the defects 
observed io embryos after 24 hpl illustrated in Fjg. 3 

These include Cyclops in 3g-3i (Hatta a al. 1991) an? no 
tail in 3m-3o (Halpcm a al, \993-, Li el al, 2000; Wargelius 
a al. \999), and a reduction in eye size |3Ml| could be 
attributed to interference in, for example, pax6 function |Li 
m al.. 2000). Simple controls involving accurate measure- 
ment ol multiple endogenous mRNA species must be 
performed to avoid this potential confusion. 

Why dots this technique appear to be so successful in 
Jlics and worms and other organisms but to fail in ze- 
bra fish.' One reason is that zcbrafish cells may treat the 
dsRNA as a warning sign of viral infection. Until very 
rcccntly, the primary cellular response to dsRNA was 
vrndersrood to be a profound physiological antiviral reac- 
tion, involving intcrleron-dependent and -independent 
pathways (for review, sec Kumar and Carmichael, I998|. In 
mammalian cells, the presence ol cytoplasmic dsRNA 
triggers the activation of the 2',5'-oligoadenylate 
synthctascfRNase I pathway, which can cleave both viral 
and cellular ssRNA, and the induction of the synthesis of 



>rafish c: 



nilar 



pbciiocopy. The tlicci 



of this 

possibility, wc note that homologs of genes involved in the 
regulation of RNase L are abundant in zcbrafish EST data- 
bases [Accession Nos. AWSI0273, AW422I62, et al), that 
interferon- and dsRNA-induciblc Mx genes have been iden- 
tified in the Atlantic salmon IRobertscn et al, 1 997), and 
that the components of the interferon signal transduction 
pathway arc present in rhc early zcbrafish embryo (Conway 
et nl.. I997; Oates et al. I999n,bl. These studies suggest 
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that the early zebrafish embryo may provide a model for the 
study of these responses. However, if RNAi is to work, 
generally in vertebrates, we suggest that methods to avoid 
this response may have to be found, perhaps by co-injecting 
inhibitors of the 2',5'-oligoadenylate synthetase/RNase L 
pathway. Another clue to the differences in response to 
dsRNA between invertebrates and the zebrafish may come 
from recent findings that the genes involved in RNAi in the 
nematode are normally required for the suppression of 
iransposon mobilization |Ketting el al. 1999, Tabara el a/.. 
1999). Although distant relatives of these genes are present 
in vertebrate genomes, the threat to genomic stability posed 
by transposon mobilization may not be as acute in verte- 
brates, and these genes may have evolved different func- 
tions and so possess altered biochemical activities. 

In conclusion, the RNAi methods we have employed to 
perturb zygotic gene function in the zebrafish, despite their 
similarity to published protocols, have failed to produce 
specific effects on endogenous mRNAs or embryogenesis. 
We have shown that a nonspecific depletion of multiple 
endogenous mRNA species is caused by the introduction of 
dsRNA, independent of the sequence of the exogenous 
material, and suggest that extreme caution must be exer- 
cised when interpreting phenotypes produced by dsRNA in 
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